The study on the technology and development of Dunaliella which are riched in β-carotene by 熊琼
 学校编码：10384                               分类号      密级       










硕  士  学  位  论  文 
   
 
富含 β-胡萝卜素的杜氏盐藻的技术开发研究 
The study on the technology and development of Dunaliella 






专  业 名 称：化学工程 
论文提交日期：2016年 5月 
论文答辩时间：2016年 5月 
学位授予日期：2016年  月 
  
 
答辩委员会主席：         















































































另外，该学位论文为（                            ）课题（组）
的研究成果，获得（               ）课题（组）经费或实验室的



































































（     ）1.经厦门大学保密委员会审查核定的保密学位论文，
于   年  月  日解密，解密后适用上述授权。 







                             声明人（签名）： 



























































度培养 7-8 天，盐藻干重可以达到 0.13 g/d,盐藻细胞生长的最佳条件为：氮浓度
为 5.0mM、盐度为 1.5M、橘黄色光质。室内条件下（22000Lux，35℃），β-胡
萝卜素积累的最佳条件为 0.5mM 的氮浓度、盐度 2.5M，β-胡萝卜素含量可以
达到 3.64%，经过 8 天的培养β-胡萝卜素产量为 3.035mg/（L∙d）。 
（2）室外培养时（从 2015.05.29-2015.06.15，参数见附录表 3），以硝酸钠、硝
酸钾作氮源，氯化钠调节盐度培养 18 天左右，β-胡萝卜素积累的最佳条件为






为 0.5A，沙子剂量 250mg/L，转速 150 rpm 时的可以得到最佳采收率 97.16%，
能耗为 0.380 kWh/kg，远低于工业中应用的离心分离的 1.67 kWh/kg，采收过后
的上清液经过氮浓度补充可以循环利用，能够节约水资源，降低培养成本；采用
螺旋藻废液采收工艺时，在螺旋藻上清液与盐藻液比值为 1:4 时，采收效果最高
可达到 75.26%，在螺旋藻上清液和培养基的混合液与盐藻的配比为 1:5 时，沉



















萃取工艺在反应条件为温度 50℃、油浴时间 40min、藻油比 1:5，最大采收率为
67.82%；植物油微波辅助萃取工艺在反应条件在功率 50%、微波加热时间 6min、
温度 48℃、藻油比（微藻与植物油比例）1:6 时的最高萃取率可以达到 83.60%,



































Microalgae have promising applications in the energy industry, pharmaceutical 
industry, and biotechnology. In order to achieve large-scale industrial production 
salina, microalgae cultivation, harvesting technology, extraction technology has 
become the focus of current research. Compared with other species of algae, 
Dunaliella which possesses a high economic value can effectively accumulate natural 
β- carotene, and its products showing a diversified trend. In this study, firstly we 
studied the growing conditions and β- carotene accumulation condition of Dunaliella 
indoor. Then, we studied corresponding conditions of growth and β- carotene 
accumulation outdoor. We build a large-scale cultivation technology. Two separation 
strategies were applied. Finally, a novel vegetable oil extraction technology of β- 
carotene was applied. Main conclusions were listed as the follows: 
(1) Under indoor cultivation conditions：6000Lux, 30℃，7-8 cultivation time，
using NaNO3、KNO3 as nitrogen source，NaCl to increase salty, the dry weight of 
Dunaliella can reach 0.13 g/d, the optimal conditions for the Dunaliella cells growth 
were under the nitrogen concentration of 5.0mM, salinity of 1.5M, and the orange 
light. The optimum conditions（22000Lux, 35℃） indoor for β-carotene accumulation 
were under nitrogen concentration of 0.5mM, salinity of 2.5M. β-carotene content 
was up to 3.64%, after 8 days of cultivation β-carotene yield was 3.035mg / (L∙d ). 
(2) In outdoor cultivation（from 2015.05.29-2015.06.15，average illumination of 
13000μw/cm2）, using NaNO3、KNO3 as nitrogen source ，NaCl to increase salty， 
the best conditions for the β- carotene accumulation were 0.6mM nitrogen, 2.5M 
salinity. Accumulation of β- carotene content reached 3.14% and a yield of 2.47 
mg/(L∙d). 
(3) Cells in normal cultivation method grew faster than the two-step cultivation 
method and the number of cells was approximately 21.05% higher, which suggested 
the extreme environment will inhibit the growth of Dunaliella cells. The accumulation 
of β- carotene was 33.2% higher than normal cultivation under the two-step method. 
















two effectively low harvesting technologies. When the electric current was 0.5A, 
speed of 150 rpm and sand dose was 250mg/L, the best recovery reached 97.16% and 
energy consumption was 0.380 kWh/kg, which was far below centrifugal separation 
(1.67 kWh/kg) applied in the industrial. Furthermore, the flocculated supernatant can 
be reused after supplement of nitrogen. The sand enhanced electric flocculation is a 
great way to save water and reduce the cost of cultivation. When the ratio of used 
Spirulina culture and Dunaliella broth is 1: 4, the recovery effect can reach 75.26%. 
Furthermore, we mixed the used Spirulina culture medium and fresh Spirulina culture 
medium, when the ratio of the mixture liquid and Dunaliella broth was 1:5, settling 
time was 3h, the optimum recovery was 74.77%. Using the supernatant of flocculated 
liquid to culture Dunaliella with the ratio of 2:5, the biomass of algal cells was 75% 
higher than normal cultivation. 
（5）Microwave-assisted vegetable oil technology is a safe and effective method to 
extract β- carotene , when the reaction conditions is 50% power, 6min, 48℃, 
solid-liquid ratio of 1: 6, the highest recovery rate can reach 83.60 %, which is 23.27% 
higher than the direct vegetable oil extraction; the maximum recovery of 67.82% can 
be reached using vegetable oil direct extraction with the reaction conditions in 50℃, 
40min, solid to liquid ratio of 1: 5. 
 































摘 要 ................................................... I 
Abstract .............................................. III 
第一章 前言 ............................................. 1 
1.1 微藻应用与开发概述 ......................................... 1 
1.2 盐藻的生理性质及应用 ....................................... 2 
1.3 微藻规模化培养进展 ......................................... 3 
1.3.1 开放式式培养体系................................................................................ 3 
1.3.2 封闭式培养体系.................................................................................... 4 
1.3.3 混合体系................................................................................................ 5 
1.3.4 贴附培养工艺进展................................................................................ 5 
1.4 目前盐藻规模化培养现状和存在的问题 ......................... 6 
1.5 盐藻的采收工艺 ............................................. 7 
1.5.1 离心工艺................................................................................................ 7 
1.5.2 絮凝工艺................................................................................................ 8 
1.5.3 泡沫分离工艺........................................................................................ 9 
1.5.4 过滤工艺.............................................................................................. 10 
1.6 β-胡萝卜素提取进展 ....................................... 10 
1.6.1 有机溶剂萃取法.................................................................................. 10 
1.6.2 植物油萃取法...................................................................................... 11 
1.6.3 超临界萃取法...................................................................................... 11 
1.6.4 其他辅助工艺...................................................................................... 11 
1.7 本论文研究目的与内容 ...................................... 11 
第二章 材料与方法 ...................................... 13 
2.1 实验材料 .................................................. 13 
2.1.1 实验试剂与仪器.................................................................................. 13 
2.1.2 藻种和培养.......................................................................................... 13 
2.2 实验方法 .................................................. 13 
2.2.1 标准培养基.......................................................................................... 13 
2.2.2 海水培养基的配制与消毒.................................................................. 14 
2.2.3 藻种的驯化培养以及保存.................................................................. 15 
2.2.4 室内摇瓶培养...................................................................................... 16 
2.2.5 室内 1.5L 气升式光生物反应器 ........................................................ 16 
2.2.6 室外 2400 ㎡规模化养殖工艺............................................................ 17 
















2.2.6.2 室外 2400 ㎡结晶池培养................................................................. 18 
2.2.7 沙载电絮凝工艺.................................................................................. 19 
2.2.8 絮凝后培养基的重复利用................................................................... 20 
2.2.9 螺旋藻上清液絮凝盐藻细胞的工艺.................................................. 20 
2.2.10 植物油直接法萃取β-胡萝卜素工艺 .............................................. 20 
2.2.11 植物油微波加热法萃取β-胡萝卜素工艺 ...................................... 20 
2.3 分析方法 .................................................. 21 
2.3.1 盐藻生物量的测定.............................................................................. 21 
2.3.2 盐藻中β-胡萝卜素含量的测定 ........................................................ 21 
2.3.2.1 藻液中β-胡萝卜素的测定 ............................................................. 21 
2.3.2.2 藻粉中β-胡萝卜素的测定 ............................................................. 21 
2.3.3 生长过程中氮源消耗的测定............................................................... 22 
2.3.4 藻液采收率的计算.............................................................................. 22 
2.3.5 藻液采收能耗的计算.......................................................................... 22 
2.3.6. β-胡萝卜素植物油标准曲线 .............................................................. 23 
第三章 基于海水的富含β-胡萝卜素的盐藻培养.............. 25 
3.1 引言 ..................................................... 25 
3.2 结果与讨论 ................................................ 25 
3.2.1 室内盐藻的培养.................................................................................. 25 
3.2.1.1 氮浓度对细胞生长的影响............................................................... 25 
3.2.1.2 盐度对细胞生长的影响................................................................... 26 
3.2.1.3 光质对盐藻细胞生长的影响........................................................... 26 
3.2.1.4 盐藻细胞生长过程中氮源的利用率............................................... 28 
3.2.1.5 室内海水培养基的优化................................................................... 29 
3.2.2 室内盐藻中 β-胡萝卜素的积累 ......................................................... 31 
3.2.2.1 不同藻种的影响................................................................................ 31 
3.2.2.2 培养方法的影响............................................................................... 31 
3.2.2.3 二步法培养下氮浓度的影响........................................................... 33 
3.2.2.3 二步法培养下盐度的影响................................................................ 36 
3.2.3 海水富含β-胡萝卜素盐藻培养的条件优化 ..................................... 37 
3.2.3.1 氮浓度的影响................................................................................... 37 
3.2.3.2 盐度的影响....................................................................................... 38 
3.2.3.3 室外藻液温度的变化........................................................................ 39 
3.2.3.4 室外养殖期间 pH 的变化 ................................................................ 40 
3.2.3.5 模拟室外降水对盐藻细胞生长的影响............................................ 40 
3.2.3.6 泵输送过程对盐藻细胞生长的影响............................................... 41 
3.2.3.7 室外露天池养殖期间的敌害生物的影响....................................... 42 
3.2.3.8 室外规模化养殖工艺的路线图........................................................ 43 
3.3 本章小结 .................................................. 46 
















4.1 引言 ..................................................... 48 
4.2 结果与讨论 ................................................ 48 
4.2.1 沙载电絮凝工艺.................................................................................. 48 
4.2.1.1 电流强度对沙载电絮凝工艺的而影响........................................... 48 
4.2.1.2 沙子剂量对采收效果的影响........................................................... 51 
4.2.1.3 电絮凝后沙子表面电荷的变化....................................................... 51 
4.2.1.4 沙载电絮凝工艺后培养基的利用................................................... 54 
4.3 螺旋藻培养废液采收盐藻的工艺 .............................. 55 
4.3.1 螺旋藻液对盐藻絮凝的影响。........................................................... 55 
4.3.2 不同量配比下的最佳采收率............................................................... 56 
4.3.3 絮凝后的上清液培养盐藻的生长趋势............................................... 57 
4.4 本章小结 .................................................. 58 
第五章 植物油提取β-胡萝卜素工艺研究 .................... 59 
5.1 引言 ..................................................... 59 
5.2 结果与讨论 ................................................ 59 
5.2.1 植物油提取工艺.................................................................................. 59 
5.2.1.1 温度的影响....................................................................................... 59 
5.2.1.2 时间的影响....................................................................................... 60 
5.2.1.3 藻油比对提取率的影响................................................................... 60 
5.2.2 植物油微波辅助提取工艺.................................................................. 61 
5.2.2.1 功率的影响....................................................................................... 61 
5.2.2.2 时间的影响....................................................................................... 62 
5.2.2.3 温度的影响....................................................................................... 62 
5.2.2.4 藻油比的影响................................................................................... 63 
5.3 本章小结 .................................................. 64 
第六章 结论与展望 ...................................... 65 
6.1 主要结论 .................................................. 65 
6.2 展望与建议 ................................................ 66 
参考文献 ............................................... 67 
附录 ................................................... 67 
在学期间发表论文 ....................................... 80 






















































Chinese Abstract  ................................................................................... Ⅰ 
Abstract .................................................................................................... Ⅲ 
Chapter 1 Introduction ............................................................................. 1 
1.1 Application and development of microalgae ................................................ 1 
1.2 Physical properties and application of Dunaliella ....................................... 2 
1.3 Large-scare progress of microalgae cultivation  ......................................... 3 
1.3.1 Open cultivation system .......................................................................... 3 
1.3.2 Closed cultivation system  ..................................................................... 4 
1.3.3 Mixed cultivation system ........................................................................ 5 
1.3.4 Progress of attached cultivation system  ................................................ 5 
1.4 Current cultivation and exsited questions of large-scare of Dunaliella  ... 6 
1.5 Harvesting technology of Dunaliella ............................................................ 7 
1.5.1 Centrifugal separation  ........................................................................... 7 
1.5.2 Flocculation separation  ......................................................................... 8 
1.5.3 Foam separation  .................................................................................... 9 
1.5.4 Filtration separation .............................................................................. 10 
1.6 Progress of extraction of β-carotene ......................................................... 10 
1.6.1 Organic solvent extraction  .................................................................. 10 
1.6.2 Vegetable oil extraction  ....................................................................... 11 
1.6.3 Supercritical fuild extraction  ............................................................... 11 
1.6.4 Other assisted technology  ................................................................... 11 
1.7 Main perurper and content of this study .................................................... 11 
Chapter 2 Materials and methods ......................................................... 13 
2.1 Experimental materials  .............................................................................. 13 
2.1.1 Expermentalreagents and apparatus ...................................................... 13 
2.1.2 Algae species and cultivation  .............................................................. 13 
2.2 Experimental methods .................................................................................. 13 
2.2.1 Standard culture medium  .................................................................... 14 
2.2.2 Preparation and sterilizing of seawater culture medium ....................... 14 
2.2.3 Acclimatization and save of algae species ............................................ 15 
2.2.4 Shake-flask culture indoor .................................................................... 16 
2.2.5 1.5L air-lift photobioreactor indoor  .................................................... 16 
2.2.6 Outdoor 2400 ㎡ large-scale cultivation technology ........................... 17 
2.2.6.1 Outdoor 15-300L cultivation of Dunaliella ....................................... 17 
2.2.6.2 Outdoor 2400 ㎡ large-scale cultivation  ......................................... 18 
2.2.7 Sand enhenced electrical flocculation technology ................................ 19 
2.2.8 Reuse of the supernatant after flocculation  ......................................... 20 
















2.2.10 Direct extraction of β- carotene using vegetable oil ........................... 20 
2.2.11 Microwave-assisted extraction of β- carotene using vegetable oil ..... 20 
2.3 Analytical method ......................................................................................... 21 
2.3.1 Biomass measure of Dunaliella ............................................................ 21 
2.3.2 Measure of β-carotene content in Dunaliella ....................................... 21 
2.3.2.1 Measure of Dunaliella broth .............................................................. 21 
2.3.2.2 Measure of Dunaliella powder .......................................................... 21 
2.3.3 Consumption of the nitrogen concentration during the growth ............ 22 
2.3.4 Calculation of harvesting efficiency ..................................................... 22 
2.3.5 Calculation of energy comsunmption in harvesting process ................ 22 
2.3.6 Standard vegetable oil curve of β-carotene ........................................... 23 
Chapter 3 Research on the cultivation of Dunaliella riced in 
β-carotene based in seawater ................................................................. 25 
3.1 Introdution ..................................................................................................... 25 
3.2 Conclusion and discussion ............................................................................ 25 
3.2.1 Cultivation of Dunaliella indoor ........................................................... 25 
3.2.1.1 Effect of nitrogen concentration on the growth of cells .................... 25 
3.2.1.2 Effect of salty on the growth of cells ................................................. 26 
3.2.1.3 Effect of light color on the growth of cells ........................................ 26 
3.2.1.4 Consumption of the nitrogen concentration during the growth ......... 28 
3.2.1.5 Optimizing of seawater medium ........................................................ 29 
3.2.2 Accumulation of β-carotene indoor ...................................................... 31 
3.2.2.1 Accumulation in different algae species ............................................ 31 
3.2.2.2 Effect of different cultivation methods .............................................. 31 
3.2.2.3 Effect of nitrogen concentration under two-step method................... 33 
3.2.2.3 Effect of salty under two-step method ............................................... 36 
3.2.3 Research on the cultivation of Dunaliella riced in β-carotene  ........... 37 
3.2.3.1 Effect of nitrogen concentration  ...................................................... 37 
3.2.3.2 Effect of salty ..................................................................................... 38 
3.2.3.3 The change of temperature outdoor ................................................... 39 
3.2.3.4 The change of pH outdoor ................................................................. 40 
3.2.3.5 Effect of rainfall on Dunaliella salina ............................................... 40 
3.2.3.6 Growth of Dunaliella salina after pumping filtration........................ 41 
3.2.3.7 Harmful microbe during the culturing outdoor .................................. 42 
3.2.3.8 Technology roadmap of the large-scale cultivation ........................... 43 
3.3 Summary .................................................................................................. 46 
Chapter 4 Harvesting technology of Dunaliella ................................... 48 
4.1 Introduction ................................................................................................... 48 
4.2 Conclusion and discussion ............................................................................ 48 
4.2.1 Sand enhanced electrical flocculation technology ................................ 48 















Degree papers are in the “Xiamen University Electronic Theses and 
Dissertations Database”.  
Fulltexts are available in the following ways: 
1. If your library is a CALIS member libraries, please log on 
http://etd.calis.edu.cn/ and submit requests online, or consult the interlibrary 
loan department in your library. 
2. For users of non-CALIS member libraries, please mail to etd@xmu.edu.cn 
for delivery details. 
厦
门
大
学
博
硕
士
论
文
摘
要
库
